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Error Performance of a Pulse Amplitude and Position
Modulated Ultra-Wideband System Over

Lognormal Fading Channels
Huaping Liu, Member, IEEE

Abstract—In this letter, the error performance of an ultra-wide-
band (UWB) system with a hybrid pulse amplitude and position
modulation (PAPM) scheme over indoor lognormal fading
channels is analyzed. In the PAPM UWB system, input data is
modulated onto both the pulse amplitudes and pulse positions.
The receiver employs a RAKE to combine energy contained in the
resolvable multipath components. Derivation of closed-form error
rate expressions of the system in lognormal fading channels is
based on approximating a sum of independent lognormal random
variables (RVs) as another lognormal RV using the Wilkinson’s
method. Given the same delay spread of the channel, the proposed
PAPM scheme can provide a higher throughput than the binary
pulse amplitude or pulse position modulation scheme.

Index Terms—Lognormal fading, performance analysis, ultra-
wideband (UWB).

I. INTRODUCTION

ULTRA-WIDEBAND (UWB) communications [1] has
recently attracted significant academic and commercial

interest mainly because of its high-data-rate capabilities over
short distances. Achievable data rates of practical UWB sys-
tems, however, are limited by the minimum pulse repetition
interval determined by the maximum acceptable inter-symbol
interference level. The commonly used UWB signals which
employ the pulse position modulation (PPM) scheme exhibit
spectral lines [2]. Because UWB systems use spectrum that
might be occupied by existing narrowband systems, generating
UWB signals with a flat power spectral density (no spectral
lines) is of great importance to minimize interference to the
overlaying narrowband systems. It was shown in [2] that
systems employing the hybrid pulse amplitude and position
modulation (PAPM) scheme do not have spectral lines. Another
advantage of the hybrid modulation scheme is that it has the
potential to double the throughput of a binary pulse amplitude
or position modulation system.

In this letter, we propose a new PAPM UWB receiver and
analyze its error performance over lognormal fading channels.
We use a RAKE receiver to combine the energy contained in
a subset of the resolvable multipath components and derive the
closed-form error rate expressions.
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II. SYSTEM MODEL

In the PAPM UWB system, the th transmitted symbol is
represented by two bits as . These bits are con-
verted into the nonreturn-to-zero form, i.e., and

. The symbol sequence is pre-
coded by interchanging the two symbols and .
The transmitted UWB signal is expressed as

(1)

where is the symbol energy, is the symbol interval (much
greater than the pulse duration), and is the short-duration
UWB pulse shape (e.g., a windowed Gaussian monopulse)
whose energy is normalized to . If
the incoming bit is , a positive pulse is sent. Otherwise a
negative pulse is sent. If the incoming bit is , the pulse
is shifted relative to the time reference by. There is no time
shift if the incoming bit is .

The impulse response of the channel can be modeled as [3]

(2)

where is the number of resolvable multipath components,
is the minimum multipath resolution, is the Dirac delta
function, and is the fading coefficient of the re-
solvable path. The parameter with equal probability
is used to account for the random pulse inversion that can occur
due to reflections [3] and represents the fading amplitude.
Given the short-duration pulse shape , the multipath resolu-
tion is equal to the pulsewidth of .

It has been concluded in [4], [5] that for most indoor channels
the fading amplitude is lognormally distributed with a standard
deviation of 3–5 dB. Thus has lognormal fading statistics
and is considered to be constant during a symbol interval. The
received signal can be written as

(3)

where is the additive white Gaussian noise (AWGN)
process with a two-sided power spectral density of .

The PAPM UWB receiver structure is shown in Fig. 1. The
received signal is correlated by using two template waveforms

(4a)

(4b)

where was defined in (1). The correlator output is integrated
and then combined using maximal ratio combining. Decisions
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Fig. 1. A RAKE receiver for the PAPM UWB system.

are made independently for each correlator output and then mul-
tiplexed, forming the estimate of the transmitted symbols.

III. PERFORMANCEANALYSIS

We derive the bit error rate (BER) of this receiver. With
independent input bits, the symbol error rate (SER) can be
easily calculated using the BER. The pulse shape is
assumed to be obtained by windowing a Gaussian monopulse

. Performance of the
proposed receiver depends on the choice of values for. In
this letter, the orthogonal signaling [6] scheme is adopted. In
this scheme, is chosen to be the minimum value such that

. Depending on the width of ,
for orthogonal signaling is a fraction of the pulse duration and

. It is also assumed that perfect
estimates of fading coefficients of each path are available
at the receiver.

Without loss of generality, we focus on the detection of the
first symbol. The decision variables are expressed as

(5)

where and are the template waveforms applied.
Due to the orthogonality between and , the Gaussian
noise components at the output of the two correlators for the

path can be easily shown to be independent from each
other. Thus, symbol decisions can be made by passingand

independently through a decision device of threshold zero.
The precoding scheme described in Section II ensures that the
decisions based on and correspond, respectively, to bits

and before the precoding. Because decisions for bits
and of each symbol can be made independently, the bit error
rate can be analyzed based on the statistics of eitheror .

For a fixed set of fading coefficients , is a Gaussian
random variable (RV). Because the energy of is normalized

to unity, the instantaneous signal-to-noise ratio (SNR) per bit,
, is obtained as

(6)

where ( and ). Because
is a lognormal RV, is also a lognormal

RV. Thus, is a sum of independent lognormal RVs,
.

As in [7], we calculate the BER for a fixed set of and
then average the conditional BER over the probability density
function (PDF) of . The conditional BER for a fixed set of

is given as

(7)

Let where is a normal RV, i.e., .
Then

(8)

where . The moment of is given as

(9)

Although an exact closed-form expression for the PDF of a sum
of independent lognormal RV’s does not exist, such a sum can
be approximated by another lognormal RV [8]. The approxima-
tion can be obtained by a number of methods, one of which is
the Wilkinson’s method [8].

Let where , , is a normal RV. In
Wilkinson’s method, the two parametersand are obtained
by matching the first two moments of with the first two mo-
ments of . These two parameters are given as

(10a)

(10b)
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Fig. 2. Analytical and simulated (with marks) error performance curves.

where and are related to and as

(11a)

(11b)

where the second sum in (11b) is extended to all combinations
of , .

The approximated PDF of is given as

(12)

The average BER can be calculated by averaging the conditional
BER over as

(13)

IV. NUMERICAL RESULTS AND DISCUSSION

In the numerical examples, an exponential power decaying
profile [5] with the power of the first path normal-
ized (i.e., ) and is adopted. Typical
values of the standard deviation of fading coefficientsfor in-
door channels fall in the range of 3–5 dB [4]. For this range
of values, the Wilkinson’s method provides accurate approxi-
mation to the PDF of . For a 4-dB standard deviation of,

is calculated to be . Although the number
of resolvable multipath components is typically very large for
UWB channels, combining a large number of paths becomes
too complex and therefore impractical. The analytical and sim-
ulated (with marks) curves of BER versus the average SNR per
bit defined as are shown in Fig. 2.

Curves shown are for cases when , 2, and 6 resolvable
multipath components are combined by the RAKE. The ana-
lytical results based on approximating the PDF ofand the
simulated results (with marks) match well. For comparison pur-
poses, the error rate curve for coherent quadriphase-shift keying
( is used in calculating ) in a Rayleigh flat-fading

channel is also provided in Fig. 2. It is found that
the error performance of the PAPM UWB system in lognormal
fading channels with is better than that of coherent quad-
riphase-shift keying in flat Rayleigh fading channels.

V. CONCLUSION

A UWB system which employs a hybrid pulse amplitude and
position modulation scheme is proposed. The proposed system
does not exhibit spectral lines and has the potential to double the
throughput of a binary PAM or PPM system. Analytical error
rate expressions of this system over lognormal fading channels
are derived.
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